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BACKGROUND: Concentrated animal feeding operations (CAFOs) emit pollutants that can cause negative impacts on human health. The concentration
of hog production in North Carolina raises concerns regarding the disproportionate exposure of vulnerable communities to air pollution from CAFOs.

OBJECTIVES: We investigated whether exposure to gaseous ammonia (NH3) and hydrogen sulfide (H2S) (in 2019) differs between subpopulations by
examining demographics, including race/ethnicity, age, educational attainment, language proficiency, and socioeconomic status.
METHODS: We used an Air Monitoring Station (AMS)/Environmental Protection Agency (EPA) Regulatory Model (AERMOD)–based Human
Exposure Model (version 3) to estimate ambient concentrations of NH3 and H2S from hog farms in Duplin County and its surrounding counties in
North Carolina and estimate subsequent exposures of communities within 50 km of Duplin County, North Carolina, or the Duplin County Region.
We combined estimated exposures with 2016 American Community Summary Census data, at the block group level, using spatial analysis to investi-
gate whether exposures to these pollutants differ by race and ethnicity, age, income, education, and language proficiency. Based on these estimations,
we assessed associated exposure risks to the impacted communities and used multivariable regression modeling to evaluate the relationship between
average ammonia exposures from Duplin regional hog farms and the presence of vulnerable populations.

RESULTS: The average [ ± standard deviation ðSDÞ] annual estimated concentration of NH3 and H2S in the Duplin County Region is 1:75± 2:81 lg=m3

and 0:0087± 0:014 lg=m3, respectively. The maximum average annual ambient concentrations are estimated at 54:27± 4:12 lg=m3 and
0:54±0:041 lg=m3 for NH3 and H2S, respectively. Our descriptive analysis reveals that people of low income, people of color, people with low educational
attainment, and the linguistically isolated in theDuplin Region are disproportionately exposed to higher levels of pollutants than the average exposure for resi-
dents. Alternatively, our statistical results suggests that after adjusting for covariates, communities of color are associated with 1.70% (95% CI: −3:79, 0.44)
lower NH3 concentrations per 1-SD increase. One-standard deviation increases in the adults with low educational attainment and children <19 years of age is
associatedwith 1.26% (95%CI:−0:77, 3.33) and 1.20% (95%CI:−0:62, 3.05) higherNH3 exposure per 1-SD increase, respectively.

DISCUSSION: Exposures to NH3 and H2S differed by race and ethnicity, educational attainment, language proficiency, and socioeconomic status. The
observed associations between exposure to CAFO-generated pollutants and sociodemographic indicators differed among demographics. The dispro-
portionate distribution of hog facilities and resulting pollutant exposures among communities may have adverse environmental and human health
impacts, raising environmental justice concerns. https://doi.org/10.1289/EHP11344

Introduction
Over the past three decades, the rapid growth and restructuring of
the swine industry in North Carolina has invigorated growing
research within the movement to highlight environmental and
socioeconomic injustice more effectively. Environmental justice
research addresses questions of who receives the most economic
benefits from current policies, industrial development and estab-
lishment, environmental protection, and the disproportionality of
resulting health consequences.1,2 Today, threats of socioeco-
nomic and environmental injustice due to the industrialization of
agriculture (both crop and animal) aggravate these issues. We
focus this environmental justice analysis on the transformation of
the swine industry in North Carolina, once predominantly smaller
independent hog farms but now dominated by large, vertically

integrated management of hog farms. We examine the resulting
disproportionate exposure of toxic air pollutants on neighboring
communities composed of predominantly vulnerable populations.

In the mid-1980s to mid-1990s, North Carolina jumped from
being the 15th to the 2nd leading state in swine production in the
United States with an estimated 10million hog count, greatly out-
weighing the state’s human population of ∼ 7:5million, according
to the United States Department of Agriculture.3–5 The expansion of
swine production results in a high volume of waste that is processed
using waste management practices.6,7 This waste is channeled from
hog houses to lagoons, artificial outdoor storage pits,8 where it is
stored for anaerobic decomposition and then sprayed on land.5,9

Airborne emissions are released from confinement houses (i.e., hog
houses) through the ventilation system, as well as from lagoons,
spray operations, and spray fields through volatilization. These pol-
lutants emitted into the atmosphere include ammonia (NH3), H2S,
methanol, acetaldehyde, other volatile organic compounds (VOCs),
and particulate matter (PM).6,9–14 Continuing, NH3 reacts with hy-
drochloric acid (HCl), sulfuric acid (H2SO4), and nitric acid
(HNO3) in the atmosphere to form secondary fine particulate matter
[PM≤2:5 lm in aerodynamic diameter (PM2:5)] as amix of ammo-
nium chloride and sulfate and nitrate salts. The process of gas-to-
particle conversion of relatively short-lived gaseous NH3 to more
persistent fine particles can affect local and regional air quality far
away from the agricultural sources and impact human health.15,16

Other exposures of concern include odors that can also impact
health and quality of life for those who live near these farms.17–19

Water pollution can occur directly from these farms owing to flood-
ing and evenwithout spills from these lagoons through seepage.20,21

The runoff produced by hog concentrated animal feeding operations
(CAFOs) waste may contain antibiotic-resistant bacteria, metals,
and also pathogens.22
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These pollutants can impact health, leading to individual prob-
lems for those who are exposed. The contaminants have been asso-
ciated with respiratory and cardiovascular ailments and premature
mortality.23,24 Community members who are located near these
industrial hog operations also report lower quality of life. A study
in North Carolina provides evidence of adverse effects of exposure
on mood. These experiences include unpleasant odors, headaches,
and psychological effects, such as tension, depression, anger, and
fatigue.25–27 There are also economic concerns because these agri-
cultural operations often remove a higher percentage of funds from
rural communities, which was not the case when this industry was
dominated by privately owned operations.28

History of Duplin County
The concentration of the pollution-intensive swine industry in the
eastern section of North Carolina has become a prominent environ-
mental justice issue.4,28,30 North Carolina retains a high population
of impoverished, rural communities of color. The eastern half of
North Carolina is located in the region originally named for the
dark soils of the southeastern United States but now also named for
its racial composition, the Black Belt, alluding to the high popula-
tion of African Americans residing in rural and poorer environ-
ments after the legacies of slavery.31–36 The growth of the Hispanic
population in North Carolina had its origins in the 1980s. The state
experienced Hispanic population growth rates between 2010 and
2017 wherein the Hispanic population increased by ≥25% in ∼ 30
of North Carolina’s 100 counties.37 Duplin County is composed of
∼ 50% White-alone (not Hispanic or Latino) and 50% people of
color, with above-average populations of African Americans and
Hispanic/Latinos.38 A notable 95% of hog farms are located in the
eastern counties of the coastal plain of North Carolina.29 A study in
North Carolina has found that people of color, including Blacks,
Hispanics, and American Indians, have higher chances of residing
near CAFOs.39 Principally, we observe people of color and the
impoverished residing in rural communities having to bear the
potential burden of dealing with socioeconomic, environmental, or
health-related effects of swinewaste externalities.

Environmental justice is defined by the U.S. Environmental
Protection Agency (EPA) as “the fair treatment and meaningful
involvement of all people regardless of race, color, national origin,
or income with respect to the development, implementation, and
enforcement of environmental laws, regulations, and policies.”40
We identify environmental injustice as the disproportionate expo-
sure and burden of pollution on vulnerable communities, including
people of color and the poor. Several studies describe the racial and
socioeconomic disparities relating to air pollution.41–43 These stud-
ies document the need for further research on quantifying the
effects and extent to which these disproportionate exposures exist.
More specifically, there is a need for further research on disparities
of air pollution exposure based on intensive agricultural sources.

Previous Research
A few studies analyzed racial and socioeconomic disparities in the
distribution of polluting industrial facilities by using surveys.44,45

Other studies have used proximity analysis to link distance from
CAFOs to adverse health outcomes and disproportionate exposure
of pollutants.46–48 One limitation with proximity analysis is that it
is an indirect measurement of exposure to air pollution from indus-
tries on nearby community members. Ambient pollutant concen-
trations, which are directly inhaled, result from other factors aside
from proximity, including meteorology, surrounding topography
and land use, facility inventory, facility housing and processing
guidelines, facility waste management practices, and others. It is
important to try to quantify the emissions released onto nearby

communities to directly estimate the exposures and possible health
risks. Wilson and Serre49 found evidence that distance to one or
more CAFOs, live animal weight per operation, temperature, wind
speed, and wind direction are all important predictors of atmos-
pheric NH3 at these locations.

Our study expands upon research conducted by Ogneva-
Himmelberger et al.,50 who used an air pollution dispersion model
(CALPUFF) andCAFOdatawithin the region to estimate NH3 con-
centrations. Bunton et al.51 assessed the use ofmonitoring andmod-
eling of emissions from CAFOs and noted that accurate models are
required to identify the spatial variability of concentrations over
regions affected by CAFOs. From this, an in-depth comprehension
of the spatial and temporal variability of pollutant levels can then be
used to determine the effect these concentrations have on the health
of the residents living near the CAFOs. Models can be applied for
research using dispersion on either a local or a regional scale. Other
studies have used dispersion modeling to apply to CAFOs and agri-
cultural sources.52,53 Becka et al.54 ran the Air Monitoring Station
(AMS)/EPA Regulatory Model (AERMOD) dispersion model55 to
assess themodel’s abilities to estimate sulfur dioxide concentrations
caused by industrial emissions inMuscatine, Iowa.

Motivation
In this study, we employed the Human Exposure Model (version
3; HEM-3), which couples census data with the AERMOD air
pollution dispersion model to estimate ambient concentrations of
NH3 and H2S from CAFOs located within the Duplin County,
North Carolina, region. The Duplin County Region is defined as
the area that falls within 50 km from the Duplin County borders
and includes impacts from hog CAFOs in Duplin and its sur-
rounding counties. Our objective is to use an environmental jus-
tice framework to investigate exposures to residents located in
and near Duplin County. Based on our assumption that exposures
would differ by race and ethnicity, age, language, and socioeco-
nomic indicators, we assembled block group-level census data
and Duplin regional hog inventory data and conducted a geospa-
tial analysis of the estimated pollutant levels. Using the capabil-
ities of the HEM-3, which includes thresholds for hazardous air
pollutants (HAPs), we estimated the exposure risks associated
with these pollutant concentrations.

Methods

CAFO Definition and the Animal Feeding Operations
Program
We acquired a 2019 list of the North Carolina and National
PollutionDischargeElimination System (NPDES)–permitted swine
operations in North Carolina from the North Carolina Department
of Environmental Quality (NCDEQ).56,57 Under the Clean Water
Act, The U.S. EPA characterizes CAFOs as point sources that are
required to be regulated per the NPDES permitting program.58

Furthermore, the U.S. EPA identifies CAFOs as animal farming
operations thatmeet one of three categories: a) animal farming oper-
ations that produce manure and have >1,000 animal units (large
facilities), b) facilities that discharge animal waste to waters or have
a direct discharge to waters that pass through the facility and come
into direct contact with animals or, c) facilities that contribute signif-
icantly to the impairment of the quality of a water body.59 The
Animal Feeding Operations Program is responsible for the permit-
ting and compliance operations of animal feeding operations across
North Carolina. Information detailing the farms that obtained per-
mits was included in the 2019 list from the NCDEQ. This informa-
tion includes the permit name, facility name, facility location,
registered owner, animal regulated and activity, allowable count,
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number of lagoons, and location, including the latitude/longitude
coordinates.

HEM-3 and Environmental Justice Census Data
We used the HEM-3, which is an air pollution exposure model that
was implemented by theU.S. EPA for performing risk assessments
for sources emitting air toxics to ambient air.60 This model esti-
mates exposure via inhalation only and is intended to assess health
risks with respect to pollutants released into the ambient air. The
HEM provides ambient air concentrations, as proxies for lifetime
exposure, and uses unit risk estimates and inhalation reference con-
centrations to construct estimates of cancer risk and noncancer haz-
ards, respectively, for the toxic chemicals modeled.

The HEM-3 couples the air pollution dispersion model
AERMOD with preprocessed meteorological data and U.S.
Census Bureau data at the census block level. The HEM-3 pro-
vides results at the block level and at the block group level. In
this study, for our purposes, we used 2010 U.S. Census popula-
tion data, based on census block group internal point locations,
as the basis for the human exposure calculations.60

We obtained a demographic breakdown of the census data from
the U.S. EPA’s Environmental Justice Screening Tool, EJSCREEN
(version 2018).61 This tool combines demographic and environmen-
tal data in the form of environmental justice indices. The EJSCREEN
data set employs the 2016 American Community Summary (ACS)
Data, a 5-y (2012–2016) summary census data set from the U.S.
Census Bureau. With this, we used the most recent data available in
our analysis to represent the current populations in the United States.
This demographic data from the census is reported at the spatial scale
of block groups and linked to theHEM-3 to assess the risks by various
demographic and socioeconomic groups.

We defined population characteristics as follows:
• Low income: population in households where the household
income is less than or equal to twice the federal poverty level62

• Language: linguistic isolation—defined by the U.S. Census
as living in a household in which all members ≥14 years of
age speak a non-English language and speak English less
than “very well”63

• Race: population self-identified as person of color, or those
individuals who do not identify as non-HispanicWhite-alone

• Education attainment: adults without a high school diploma
• Age: <18 years of age considered children, >65 years of
age considered older population.

Emissions Factors
In modeling, a common approach to calculating pollutant emis-
sions due to livestock is to multiply the emission factor (with units
such as kilograms pollutant per year per animal) by the number of
animals within the specified set of agricultural facilities beingmod-
eled. NH3 emission factors used in our study were developed from
a model implemented by Carnegie Mellon University and contin-
ued to be used by the U.S. EPA64 within the National Emissions
Inventory (version 2; NEI 2014v2). We used an NH3 emission fac-
tor of 12:76 kgNH3=y per animal calculated directly from the NEI
2014v2.65 H2S factors used in our study were based on research by
Rumsey and Aneja.66 From that study, we calculated an emission
factor of 0:127 kgH2S=y per animal.

Input Data Processing
We modeled 1,292 CAFO facilities in our primary simulation for
Duplin County and six surrounding counties, including Wayne,
Lenoir, Jones, Sampson, Onslow, and Pender County, and 483
CAFO facilities in our secondary simulation for Duplin County only.
Our model included all of the hog CAFOs currently within Duplin

County and the six surrounding counties. In the absence of more pre-
cise dimensional information, we approximated each CAFO facility
as a diffuse source with dimensions of 100× 100 m, centered on the
latitude and longitude locations specified in the data set provided by
the NCDEQ. The 100× 100 m dimensions are appropriate dimen-
sions to model several animal houses and a lagoon, based on Google
Earth photos of hog farms. Theobald et al.67 documented an
AERMOD analysis of a hog farm. Within their model simulation of
emissions from hog farms, there were several 20 × 20 m sources.67

We supplied these source data as inputs to theHEM-3 in spreadsheets
formatted as themodel required for its data inputs.

In estimating air pollution impacts, we considered the attenua-
tion air pollutants due to wet and dry deposition. Gas parameters
used to estimate deposition are shown in Table 1. Theobald
et al.67 used these parameters to compare dispersion models to
simulate agricultural NH3 emissions. The HEM-3/AERMOD is
configured to perform a model simulation for each identified
CAFO facility. For each facility, the HEM-3/AERMOD esti-
mates the ambient concentration and deposition impacts for all
census blocks within 50 km of the center of the hog facility. The
ambient impacts from every individual facility simulation are
then summed to produce the total cumulative impact of all
CAFOs in Duplin and surrounding counties.

AERMOD requires surface and upper air meteorological data
that meet specific format requirements. Themeteorological surface
and upper station used by AERMOD when modeling each facility
was specified as the stations closest to each facility and to represent
local/regional meteorological patterns. The location of the selected
surface station is in Fayetteville, North Carolina (34.99, 78.88 dec-
imal degrees), and in Greensboro, North Carolina (36.08, 79.95
decimal degrees) for the selected upper air station. These are both
designated by the code, NC93740.SFC in AERMOD. These repre-
sent one National Weather Service observation surface and upper
air station in our model used for Duplin County. With this, we note
the uncertainty introduced by using only one meteorological
station in our model to represent all of Duplin and surrounding
counties. If a greater number of meteorological stations were avail-
able, the data would have allowed for finer spatial resolution ofme-
teorological patterns and less uncertainty in this regard.

For the facilities with multiple permits, we combined the total
hogs allowed under each permit for that facility. For modeling
purposes, we defined each facility as a volume source, with a ver-
tical dimension of 1:8 m and an initial release height of 1 m
(over a per-facility area of 110m2). We modeled seasonal and di-
urnal variations in emissions using temporal variations for NH3
available in the U.S. EPA National Emissions Inventory.65

Application of the Geographic Information System
We used ArcGIS, ArcMap (version 10.8.2; ESRI), to complete
the analysis of our data and create our maps. In total, the
main data set included 498 census block groups from the 2016
ACS and 1,292 permitted CAFOs. Figure 1 shows the spatial

Table 1. Summary of gas parameters used for dispersion modeling by
AERMOD (within the HEM-3 framework).

Gas parameters Value

Diffusion coefficient in air (cm2=s) 1:98× 10−01

Diffusion coefficient in water (cm2=s) 1:64× 10−05

Cuticular resistance (s=cm2) 6:00× 1000

Henry’s Law coefficient (Pam3=mol) 1:62× 1000

Note: The gas parameters were taken from Theobald et al.67 and were used for both am-
monia and hydrogen sulfide CAFOs emissions in Duplin County, North Carolina.
AERMOD, Air Monitoring Station (AMS)/Environmental Protection Agency (EPA)
Regulatory Model; CAFO, concentrated animal feeding operation; HEM-3, Human
Exposure Model (version 3).
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distribution of the permitted CAFOs in Duplin County and its six
surrounding counties and the environmental justice study area
extending 50 km from Duplin County (i.e., the Duplin County
Region). Using EJSCREEN, we summarized the demographic
population and compared Duplin County, Duplin regional, and
U.S. population demographics using data available in the U.S.
Census Bureau’s 2010 Decennial Census. Results are displayed
in Table 2. In our proximity analysis, we examined the distribu-
tion of linguistically isolated people, people of color, persons of
low income, and adults without a high school diploma in relation
to the location of hog CAFOs in Duplin County and its adjacent
block groups. We used choropleth maps to represent this variabil-
ity of CAFO inventory and our environmental justice factors of
interest across and adjacent to Duplin County. Choropleth maps
use shaping patterns or symbols to represent statistical data on
predetermined geographical areas.

We used the inverse distance weighted interpolation method
(IDW) to estimate the spatial coverage of each pollutant within
the county, based on the modeled concentration at each receptor
output by the HEM-3. Similarly, Li et al.68 used IDW as a

method on a data set of PM2:5 data to estimate population expo-
sure in the United States. Wong et al.69 found that different
methods of interpolation do not produce considerably different
estimations regarding the air pollutants estimated.

Analytical Methods
For each population demographic, we approximated the average
exposure to each pollutant in the Duplin County Region byweight-
ing each block group (within 50 km ofDuplin County) by its popu-
lation using amethod described by Bell and Ebisu,70 as follows:

Mi =

PJ

j=1
Dijwj

PJ

j=1
Dij

, (1)

where Mi is the county average estimated exposure to each pollu-
tant for persons in a specific demographic i (e.g., linguistically

Figure 1. Spatial distribution of all hog CAFOs within Duplin County (n=483) and the six surrounding counties, including Wayne (n=141), Lenoir (n=69),
Jones (n=44), Sampson (n=439), Onslow (n=56), and Pender County (n=50) in North Carolina for 2019. Our environmental justice analysis extends to
50 km from Duplin County, representing the Duplin County Region (n=1,292). Map represents all CAFOs permitted by the North Carolina Department of
Environmental Quality. Note: CAFO, concentrated animal feeding operation.

Table 2. 2010 demographic populations of interest (percentage of total) within Duplin County, North Carolina, and adjacent block groups 50 km from the
Duplin County boundary (considered the Duplin County Region), with comparison to the United States.

Duplin County demographic characteristics Population of Duplin County, NC Population of Duplin County Region, NC Population of the United States

Persons of color 46,196 (45.5) 322,381 (39.2) 111,927,986 (36.3)
Linguistically isolated 2,147 (2.1) 8,612 (1.1) 14,819,786 (4.8)
Low income 51,794 (51.1) 353,418 (43.0) 98,798,572 (32)
Less than high school education 18,255 (18.0) 92,509 (11.3) 46,311,830 (15.0)
Age (y)
>64 15,055 (14.8) 117,975 (14.4) 39,210,683 (12.7)
<5 6,191 (6.1) 57,223 (7.0) 20,377,205 (6.6)

Total population 101,419 (100) 822,071 (100) 308,745,538 (100)

Note: The populations included six demographic subgroups within the total population of Duplin County, representing populations vulnerable owing to their age, income, education
level, race/ethnicity, or language capacities. Low income refers to the population in households where the household income is less than or equal to twice the federal poverty level.61,62

Linguistic isolation is defined by the U.S. Census as living in a household in which all members ≥14 years of age speak a non-English language and speak English less than “very
well.”63 Person of color indicates individuals who do not identify as non-Hispanic White-alone.
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isolated individuals); j is the number of block groups in the
region with pollutant data (J =498); Dij is the number of persons
under demographic i in block group j; and w is the concentration
of the pollutant of interest for census block group j. This gives an
estimation of average exposure to each pollutant for each demo-
graphic group examined in the county, weighted according to
population size and pollutant levels in each block group.

We investigated the relationship between each environmental
justice demographic and the exposure to pollutants from hog
CAFOs by distributing block groups into quintiles for each envi-
ronmental demographic. We then evaluated our descriptive data
of the Duplin Region, by calculating the average concentration
level of each pollutant in the different quintile tiers of the demo-
graphic variables.

We used multivariable regression analysis to investigate
whether some subgroups had higher NH3 exposures than others for
all block groups within the Duplin County Region. We employed
an emission factor for each pollutant, resulting in estimates of NH3
and H2S concentrations that were approximately proportional in
scale. Thus, we focused on NH3 exposure in our regression analy-
sis given that results for H2Swould be comparable in scale. Studies
have noted how ACS 5-y average estimates can have margins of
error of as much as twice the estimate at fine geographic scales
such as block groups.71,72 To account for this, we conducted a sen-
sitivity analysis where we included criteria that helped mitigate
against measurement error in using the 2016 ACS 5-y estimates.
Specifically, we included only block groups whose margin of error
was lower than half of the estimate, or where the coefficient of vari-
ation (COV) was <0:40, as suggested by Folch et al.71 Our final
sample set afterfiltering included 248 block groups.

We fit generalized additive models to examine associations
between sociodemographic variables and NH3 concentrations in
the Duplin County Region. After addressing data quality issues
and compiling important sociodemographic factors relevant to
our study area in eastern North Carolina, the sociodemographic
factors we included are as follows:

• Low income: population in households where the household
income is less than or equal to twice the federal poverty level62

• Race: population self-identified as person of color or those
individuals who do not identify as non-HispanicWhite-alone

• Low education attainment: adults without a high school
diploma

• Age: <18 years of age considered children, >65 years of
age considered older population

• Sex: male population.
Furthermore, we tested for spatial autocorrelation using

Moran’s I test, and found significant spatial dependence within
our estimated NH3 concentrations. We adjusted for spatial auto-
correlation by using a smoothing function through a single tensor
product (spline) on both latitude and longitude for block groups.
We conducted a sensitivity analysis for several smoothing func-
tions to assess how an estimate of the association between social
factors and hog NH3 could change by this function. To validate
our functions, we plotted residuals to make sure there was no pat-
tern by which spatial autocorrelation remained. We used our cho-
sen smoothing function on latitude and longitude based on our
test for Moran’s I value, residual plots, and, finally, making sure
to avoid overfitting our model. The degrees of freedom are
selected automatically within the smoothing function. All statisti-
cal analyses were performed using RStudio (version 1.4.1717)
and the mgcv and mgcViz statistical packages.

We used ourmodels to estimate the percentage change in theNH3
concentration exposure with a 1-SD increase in each sociodemo-
graphic factor. This analysis investigated the explanatory role of these
sociodemographic factors in the context of NH3 concentrations

contributed by hog farms in the Duplin County Region. We used
p=0:05 as our threshold for statistical significance.

In our secondary analysis, we estimated the fringe effects of
hog CAFOs outside of Duplin County impacting Duplin residents
owing to the dispersion nature of pollutants crossing county
boundaries. Given the proximity, we expected Duplin County
hogs to have the greatest impact on Duplin County residents, but
those who live on the edge of Duplin County may, in fact, be
impacted more by CAFOs in neighboring counties. No human
subjects approvals were necessary because this research did not
include any interaction or intervention with human subjects or
include any access to identifiable private information.

Results

Modeling for Duplin CAFOs
The spatial pattern of modeled NH3 and H2S concentrations
is shown in Figures 2 and 3, respectively. We estimated the
average NH3 concentration within Duplin County Region to be
1:75±2:81lg=m3. The maximum NH3 concentration at the mod-
eled HEM-3 receptors was 54:27±4:12lg=m3. We estimated
average H2S concentration within Duplin County Region to be
0:0087±0:014lg=m3. The maximum H2S concentrations at the
modeled HEM-3 receptors within Duplin County Region was
0:078± 0:029lg=m3.We highlight hog counts for each county for
comparison (Table S1). For example, Sampson County has, com-
paratively, about the same number of hogs as Duplin County, and
the other surrounding counties have a lot fewer hogs.

Choropleth Maps
Choropleth maps, shown in Figures 4–7 (Table S2), were used to
display the spatial distribution of the predicted ambient concen-
tration of NH3 and H2S in relation to quintiles of percentage for
each of our demographics of interest, linguistically isolated peo-
ple, people of color, persons of low income, adults without a high
school diploma, people >64 years of age, and people <5 years of
age for the entire county of Duplin, respectively.

These figures show the location of 710 hog farms throughout
Duplin County and in neighboring block groups whereby each red
dot represents a swine farm with an active permit. The size of the
pentagon represents the permitted inventory of each individual
CAFO, as shown in the legend. The color shading highlights the pro-
portion of each vulnerable group specified within each block group.
The map indicates that pork production occurs all over the county
with many of the hog operations stationed in the northern portion of
Duplin County. We noted high numbers of adults without a high
school diploma, poor people, and people of color scattered through-
out the county, but especially in the western and northern sections of
Duplin County. However, in the southeastern portion of Duplin
County, we found block groups with relatively low numbers of peo-
ple of color, people of low income, the linguistically isolated, and
adults without a high school diploma. We also noted low numbers
of children and elderly throughout the county in general.

Figures 4–7 also show that higher numbers of linguistically
isolated people were located in the northern and southwestern
portion of the county. There were high numbers of people of
color along the western portion of the county. Located in these
areas of high linguistically isolated people and communities of
color were also more CAFO facilities and larger inventories, as
indicated by the larger points in the figures.

Similarly, we note the distribution of low income in the
county. About 26% of the population in Duplin County makes
an income below the family poverty threshold (15,400 of
58,600) as determined using the Consumer Price Index to
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account for inflation,38 which is higher than the national aver-
age of 13.1%. Most of the areas with higher proportions of low-
income households are located near the CAFOs with larger in-
ventory of hogs relative to the rest of the county. The majority
of areas with higher proportions of low-income households are

in census block groups located near the western and northern
part of the county. This is also true of the locations of the
increasingly high proportions of adults without a high school
diploma. Low income and low education attainment are not
mutually exclusive.

Figure 3. Duplin estimated ambient H2S concentrations (annual averages) due to 2019 hog CAFO emissions from Duplin County and surrounding counties.
The maximum H2S concentration is estimated at 0:54± 0:041 lg=m3. We selected the high and low categories, based on the range of minimum and maximum
estimated concentration values after interpolation using the kriging method. Note: CAFO, concentrated animal feeding operation; H2S, hydrogen sulfide.

Figure 2. Duplin estimated ambient NH3 concentrations (annual averages) due to 2019 hog CAFO emissions within Duplin County and surrounding counties.
The maximum NH3 concentration is estimated to be 54:27± 4:12 lg=m3. We selected the high and low categories, based on the range of minimum and maxi-
mum estimated concentration values after interpolation using the kriging method. Note: CAFO, concentrated animal feeding operation; NH3, ammonia.
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The vulnerable populations characterized by age show no spe-
cific trends spatially within Duplin County (Figures S1 and S2,
Table S2, and Excel File S1). The figures show that, in general,
there are low populations of elderly and children within Duplin
County. It is worth noting, however, that there are higher num-
bers of children located in the northern portion of Duplin County
than in the southern parts.

Weighted Averages Exposure
Figure 8 (Table S3) summarizes the percentage differences in ex-
posure by race, age, income, educational attainment, and language
from the average population exposure to NH3, 1:75± 2:81 lg=m3,
or H2S concentration, 0:0087± 0:014lg=m3, in the Duplin
County Region. All demographic groups examined in this study,
except the age group <5 years of age, had exposures higher than
the average exposure in the Duplin County Region for each pollu-
tant. Exposure in this context refers merely to the ambient concen-
tration levels to which these groups are exposed. Exposures amid
the linguistically isolated were higher than exposures among other
vulnerable groups for each pollutant. The linguistically isolated
group had exposure levels 65% higher than the average population
exposure. The subpopulation of adults without high school diploma
had the second highest percentage of exposure among the vulnera-
ble demographic groups examined, with ∼ 32% higher exposures

than the average. Children (<5 years of age) had ∼ 0:03% lower
exposure than the average exposure and had the lowest estimated
exposure for each pollutant. Older persons (>64 years of age) had
∼ 2:4% more exposure than the average. Thus, both age groups
showed roughly similar exposure levels compared with the average
population exposure in theDuplinCountyRegion. Because children
and elderly are underrepresented in the Duplin population and were
estimated to have exposures comparable to average levels within
the county, we limit our discussion of the exposure within these two
demographics for the purposes of our study. Nonetheless, it should
be recognized that these two populations are considered vulnerable
populations in general for future studies.

Duplin Regional Descriptive Analysis
Table 3 displays the distribution of ambient concentrations of
NH3 and H2S in Duplin County and neighboring block groups in
relation to proportions of linguistically isolated people. Within
the lowest quintile for the proportion of the linguistically isolated,
there were 22 block groups that contain no people from this sub-
population. In addition, the lowest quintile for the group contains
on average the lowest concentrations of both NH3 and H2S at
6:80 lg=m3 and 0:068lg=m3, respectively. Conversely, the high-
est concentrations on average were seen in the highest two quin-
tiles for the proportion of the linguistically isolated.

Figure 4. Hog CAFOs distributed in relation to percentages of linguistically isolated individuals for each block group (from 2016), within and adjacent to
Duplin County. The cutoff points (given as percentages) were determined by aggregating the data into quintiles. Each quintile tier is colored to indicate the
presence of linguistically isolated people within the block group. The Duplin County border is highlighted. (See Table S2 for block group-specific characteris-
tics.) Note: CAFO, concentrated animal feeding operation; max, maximum.

Environmental Health Perspectives 087018-7 131(8) August 2023



There were 136 hog farms in the lowest quintile for the propor-
tion of persons of color, and the average NH3 and hydrogen
concentrations were 6:42lg=m3 and 0:064 lg=m3, respectively.
Conversely, the highest quintile for this subpopulation contained
the highest number of CAFOs, that is, 168 facilities. The highest
two quintiles for the proportion of persons of color (from 55.59%
to 99.66%) contained the highest average concentrations of
NH3 (9:53lg=m3 and 8:95 lg=m3) and H2S (0:0949lg=m3 and
0:0891 lg=m3).

Similar analyses are shown in Table 3 presenting the propor-
tions of persons with low income and persons with low educational
attainment. The second lowest quintile for the proportion of per-
sons with low income contained the lowest number of CAFOs, 72,
and the lowest average concentrations of NH3 and H2S at
6:42lg=m3 and 0:064lg=m3, respectively. The highest quintile
for the proportion of persons with low income contained a higher
number of CAFO, 191, and the highest average concentrations of
NH3 and H2S at 9:07lg=m3 and 0:09 lg=m3, respectively. This
pattern was also seen in the subpopulation of adults without a high
school diploma. We note that in the lowest quintile for the percent-
age of persons with low educational attainment, there were 119
hog CAFOs compared with 160 CAFOs in the highest quintile.We
also note that the highest quintile for the proportion of persons with
low educational attainment had the highest average concentrations
of NH3 andH2S of this subgroup, at 8:90lg=m3 and 0:089lg=m3.

Regression Analysis
Table 4 presents the results of our adjusted model and associated
sociodemographic factors. Our model included 498 census block
groups. Within the Duplin County Region, a difference of 1 SD
of people of color between block groups was associated with an
average estimated percentage difference of −1:70% [95% confi-
dence intervals (CI): −3:79, 0.44] in NH3 concentration. Higher
NH3 exposure is associated with an increase of 1 SD of adults
who had less than a high school education (1.26%; 95% CI:
−0:77, 3.33), households of low income (−0:30%; 95% CI:
−2:15, 1.59), children <19 years of age (1.20%; 95% CI: −0:62,
3.05), adults >65 years of age (−0:64%; 95% CI: −2:56, 1.32),
and males (1.89%; 95% CI: −0:04, 3.85). After conducting our
sensitivity analysis (Table S4) for several smoothing functions,
we chose a model that captures a substantial amount of the spatial
autocorrelation and statistically important changes for the associ-
ation of sociodemographic variables with the percentage change
in air pollution exposure in our model (Table 4).

Fringe Effect
In our secondary analysis, we estimated emissions solely from
Duplin County hogs to estimate the extent of the impact of outer
county hog farms on Duplin residents. We display results of the
effects of Duplin-only hog farms on Duplin County and the Duplin

Figure 5. Hog CAFOs distributed in relation to percentages of people of color for each block group (from 2016), within and adjacent to Duplin County. The
cutoff points (given as percentages) were determined by aggregating the data into quintiles. Each quintile tier is colored to indicate the presence of people of
color within the block group. The Duplin County border is highlighted. (See Table S2 for block group-specific characteristics.) Note: CAFO, concentrated ani-
mal feeding operation; max, maximum.
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County Region in the Supplemental Material (Figures S3, S4, and
S5, and Table S2 and S5). Owing to the transport and dispersion of
pollutants, the emissions of hog farms from neighboring counties
will impact the estimated concentrations of NH3 and H2S experi-
enced in Duplin, especially along the edges of the county. From
Duplin hogs, we estimated average annual and maximum concen-
trations of NH3 to be 6:05 lg=m3 and 51:67lg=m3, respectively,
compared with additional emissions from neighboring counties
increasing the concentration to 7:85 lg=m3 and 54:27 lg=m3,
respectively. Compared with our primary analysis, we estimated
increased differences in exposures from Duplin-only hogs for vul-
nerable populations, with the linguistically isolated experiencing
101% more exposure and adults without a high school diploma
experiencing ∼ 46% more than the average resident in the Duplin
County Region. Additional results for this secondary analysis are
provided in Tables S3 and S5 and Figures S3–S5.

Discussion
Our goal for this study was to estimate ambient concentrations of
NH3 and H2S emitted from, or secondarily formed from, 1,292
hog CAFOs in Duplin, Wayne, Lenoir, Jones, Onslow, Pender,
and Sampson Counties in North Carolina. We conducted our
analysis within the Duplin County Region, an area extending
50 km from the Duplin County borders, to determine whether

communities of color or other disadvantaged populations are dis-
proportionately exposed to these concentrations. To address this
question, we evaluated emissions of NH3 and H2S from these
facilities and then used the HEM-3 model to estimate ambient
impacts from these facilities. We used EJSCREEN demographic
data from the U.S. Census, to examine the differentiation of pol-
lutant exposure within vulnerable populations residing in Duplin
Region communities. We analyzed the locations of 710 hog oper-
ations with respect to vulnerable populations within census block
groups in and adjacent to Duplin County, North Carolina.

The average annual estimated NH3 concentration of the Duplin
County farms for the population within Duplin County Region
is 1:75± 2:81lg=m3, with a maximum annual concentration of
54:27± 4:12lg=m3 (estimated at the block level). The average an-
nual estimated H2S concentration within Duplin County Region is
0:0087±0:014lg=m3, with a maximum annual concentration of
0:54±0:041lg=m3 estimated at the maximum receptor. There are
no monitoring stations within or near Duplin County that currently
measure NH3, H2S, or HAPs. The North Carolina Department of
Environment and Natural Resources (now the NCDEQ) collected
NH3 measurements in Clinton, North Carolina, within Sampson
County, halting operations in 2015.73,74 The Clinton monitoring sta-
tion observed an annual average ambient concentration of 2:6 lg=m3

in 2015 and 4:6 lg=m3 in 2004. Assessing a 10-ymonthly average of
the Clinton measurements, the highest concentrations during the

Figure 6. Hog CAFOs distributed in relation to percentages of people with low income for each block group (from 2016), within and adjacent to Duplin
County. The cutoff points (given as percentages) were determined by aggregating the data into quintiles. Each quintile tier is colored to indicate the presence
of people with low income within the block group. The Duplin County border is highlighted. (See Table S2 for block group-specific characteristics.) Note:
CAFO, concentrated animal feeding operation; max, maximum.
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month of June was 5:2lg=m3 for the 2004 to 2015 period. Our mod-
eledNH3 concentration estimates agreewith the observational values
within a factor of 3. It should be noted that SampsonCounty is located
adjacent to Duplin County and thus does not represent Duplin emis-
sions; however, given Clinton’s proximity, we used these observa-
tions as a proxy for comparison in this study.

It is essential to recognize that concentrations from our simula-
tion are a result of modeling emissions from only swine CAFO
sources and do not represent other sources of NH3 and H2S. The
emissions released by poultry CAFOs also represent a sizable por-
tion of total NH3 and other pollutants released by animal farming
operations. Battye et al.75 estimated that 80% of NH3 emissions in
North Carolina are accounted for by livestock wastes, whereas
other contributing sources include forests, vehicle emissions, fer-
tilizers, and nonagricultural vegetation.

Using geospatial analysis, we introduced an environmental
justice aspect by examining how exposures of NH3 and H2S dif-
fer compared with the average population for demographic sub-
populations, including people of color, the linguistically isolated,
people of low income, and people with low educational attain-
ment. We found that the majority of Duplin CAFOs were located
in areas with higher proportions of people of color and linguisti-
cally isolated populations. We also found that the majority of
larger CAFOs were found more predominantly in communities
of low income. Over half of all hogs were located in block groups

with >55% people of color, whereas <45% of Duplin CAFOs
were located in these same block groups. This provides evidence
that industrialized hog operations are located disproportionately
closer to communities of color and low-income communities, as
supported by previous studies.39,44,49,76,77

Exposures
Our estimates are consistent with overall trends indicating that
the highest pollutant exposures occur in communities of color
and in those communities with low income.41–43,50,70 We see
above-average exposures of NH3 and H2S for linguistically iso-
lated communities and communities of color, of low income, and
with low educational attainment. The overall differences were
sizable, with the largest difference estimated at 66% higher for
linguistically isolated communities than for the average exposure
in the Duplin County Region. We also assessed large differences
in exposures to people of low educational attainment, estimated
at 32% higher, as well as in exposures to people of color, at 16%
higher. We observed smaller differences in magnitude for low-
income communities, with exposures estimated to be 13% higher
than the average exposure in Duplin County.

We computed local exposures for block groups. More precise
measures would include spatial heterogeneity,78 as estimated from
our model at higher spatial resolutions, as well as exposure from

Figure 7. Hog CAFOs distributed in relation to percentages of adults without a high school diploma for each block group (from 2016), within and adjacent to
Duplin County. The cutoff points (given as percentages) were determined by aggregating the data into quintiles. Each quintile tier is colored to indicate the
presence of adults without a high school diploma within the block group. The Duplin County border is highlighted. (See Table S2 for block group-specific
characteristics.) Note: CAFO, concentrated animal feeding operation; edu, education; max, maximum.
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Figure 8. A summary of the percentage differences in exposure (to NH3 or H2S) by race, age, income, educational attainment, and language from the average popu-
lation of the Duplin County Region solely impacted by Duplin hogs for 2019. Comparing exposures for people of color, low income, <5 years of age, >64 years of
age, adults without a high school diploma, and linguistic isolation subgroups to the average Duplin County regional exposure. For the Duplin County Region, the av-
erage exposure for NH3 and H2S is 7:85± 2:91 lg=m3 and 0:54± 0:041lg=m3, respectively. On the y-axis is percentage difference in exposure to NH3 or H2S from
the general population in Duplin County. On the x-axis is the subpopulation of interest. Note: H2S, hydrogen sulfide; NH3, ammonia.

Table 3. Characteristics of 2016American Community SurveyData block groups (n=498) with respect to the linguistically isolated, persons of color, persons of
low income, and adults without a high school diplomawithin the Duplin County Region (includingDuplin County, North Carolina, and adjacent block groups).

Environmental justice
variable (percentage)

Quintiles/
percentages

Total
population (n)

Average
concentration

of NH3 (lg=m3)
Average concentration
of H2S (lg=m3 × 10−3)

Allowable
hogs (n)

Block
groups (n)

CAFOs
(n)

Linguistically isolated (%) 0 34,944 6.80 0.0677 1,170,000 22 269
0.01–4.58 11,869 8.09 0.0805 299,000 9 67
4.58–7.05 19,798 7.40 0.0737 613,000 10 140
7.05–12.82 16,951 8.74 0.0870 568,000 10 110

12.82–25.57 15,198 8.97 0.0893 534,000 9 91
Persons of color (%) 2.75–25.35 19,733 6.42 0.0639 499,000 12 136

25.35–37.90 22,556 6.42 0.0639 611,000 12 145
37.90–55.89 18,746 7.82 0.0778 473,000 12 105
55.98–64.46 21,260 9.53 0.0949 808,000 12 156
64.46–99.66 19,124 8.95 0.0891 929,000 13 168

Low income (%) 26.46–41.45 20,385 7.18 0.0715 562,000 12 135
41.45–48.31 17,846 6.42 0.0639 288,000 12 72
48.31–52.88 19,180 7.30 0.0727 567,000 12 151
52.88–62.31 21,036 9.18 0.0914 918,000 12 161
62.31–77.38 22,972 9.07 0.0903 985,000 13 191

Adults without a high
school education (%)

1.42–17.31 18,843 7.78 0.0774 581,000 12 119
17.31–22.44 19,791 6.95 0.0692 611,000 12 137
22.44–27.93 17,689 7.47 0.0743 590,000 12 143
27.93–36.15 19,345 8.06 0.0802 720,000 12 151
36.15–69.19 25,751 8.90 0.0886 818,000 13 160

Note: Block groups are separated into quintiles and within each quintile, the approximate number of hogs, number of CAFOs, and estimated NH3 and H2S annual average concentra-
tions are provided. Low income refers to the population in households where the household income is less than or equal to twice the federal poverty level.61,62 Linguistic isolation is
defined by the U.S. Census as living in a household in which all members ≥14 years of age speak a non-English language and speak English less than “very well.”63 Person of color
indicates individuals who do not identify as non-Hispanic White-alone. CAFO, concentrated animal feeding operation; H2S, hydrogen sulfide; NH3, ammonia.
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other animal farm types (i.e., poultry), daily activity patterns, occu-
pational exposures at the individual level, indoor exposures (e.g.,
stoves, fireplaces, environmental tobacco smoke), and individual
or average inhalation rates.Most of these factors can differ between
populations. We note that because of these factors, our estimates
may not reflect the personal exposures of individuals within
Duplin County and the region.

In this study, we do not disentangle the interrelationships among
the demographic characteristics of race/ethnicity, education, unem-
ployment, poverty, and earnings, for which we see some population
characteristics covary (Table S6 shows correlations). For example,
race, education, and income were moderately correlated. Bell and
Ebisu70 showed how race, education, earnings, and poverty were
correlated in their examination of population characteristics in rela-
tion to PM2:5 exposure. Future work could examine patterns in pop-
ulation characteristics in relation to NH3 and H2S exposures from
hog farms.Another limitation is that we did not look at the full range
of racial and ethnic subgroups, such as separate analysis and expo-
sure patterns for Hispanics, non-Hispanic Blacks, and others.
Categories such as “persons of color” that group all non-White non-
Hispanic persons together obscures disparities among and within
race and ethnicities.39,41–43 Further research should be conducted to
look at the impact upon specific populations of color, other sub-
groups, and additional environmental justice factors.

Results from our multivariable regression analysis (Table 4)
show that populations potentially at risk for higher exposures to
NH3 (and inherently H2S) include areas with a higher percentage of
adults without a high school education, children <19 years of age,
andmales, when adjusted for other factors of interest.We also found
that areas with a higher percentage of people of color or low-income
peoplesmay experience lowerNH3 (and inherentlyH2S) concentra-
tions when adjusted for other factors. These results highlight associ-
ations of populations at the block group level. Our findings suggest
themechanism of howDuplin regional residents exposed to a higher
level of NH3 may be more related to educational attainment (and
other unmeasured factors that make spatial autocorrelation) than
income status or racial identity. There may be underlying mecha-
nisms that explains this disparity. One hypothesis could be that hog
farm employment does not require higher education and workers
tend to reside near their places of employment, and thus we may be
seeing the impact reflected among the population of household
CAFOworkers. This also may be the case for males given that agri-
culture is amale-dominated industry.79 Further researchwould need
to be conducted on occupational exposure and the exposure upon
the household of workers to support this claim. Another possibility
is that thosewho reside near these exposuresmay not understand the
impacts of hog farms, and this could be associated with education
status. Thus, this could lead to a disparity of less educated commun-
ities residing near these hog farms. Research should be conducted to
see howwell informed community members are on the externalities
of living near hog farms.

Table S7 shows a comparison of results from additional mod-
els. We provided results of unadjusted associations, associations

adjusted only for measures of spatial autocorrelation, and associ-
ations adjusted for spatial autocorrelation and other factors. Our
unadjusted models, reveal that areas with a higher percentage of
people of color, low-income peoples, and adults with low educa-
tional attainment are associated with significantly higher expo-
sures to NH3. These unadjusted associations provide meaningful
information. Although these results are descriptive, they indicate
environmental justice issues where some people are exposed to
higher concentrations of NH3. Last, our sensitivity analysis
included 248 census block groups after applying our COV crite-
rion. This analysis reveals consistency with our main findings
regarding the direction of our associations although the magni-
tude of the results varies slightly (Table S8). Future research may
consider alternative methods of addressing sociodemographic
factors at finer geographic scales.

In our statistical analysis, we adjusted for spatial autocorrela-
tion and other variables because we believed there to be a con-
founding issue between the variables. Furthermore, evidence
from our main regression model and sensitivity analysis suggests
that the adjustment for other variables in the model explains why
we have contrasting results between our descriptive and statistical
analysis regarding communities of color and CAFO-related expo-
sure. It is important to distinguish that these results should be
interpreted separately. Although the descriptive analysis reveals
that people of color experience higher than average exposure to
CAFO-related air pollution, the statistical analysis suggests that
CAFO-related air pollution tends to be lower as the presence of
people of color increases in the study region. We reaffirm that
both findings can be accurate, which even further reveals the
complexity of environmental justice issues regarding air pollution
for these communities. We have articulated this complexity in
our analysis and important factors that impact environmental jus-
tice analysis, such as scaling.

Communities of color are experiencing above-average expo-
sure to CAFO-related air pollution and may be susceptible to
greater burdens from these impacts on their health and property
owing to other systemic concerns. It is also important to recog-
nize the other potential exposures that are released from hog
CAFOs, including water pollution, pathogens, and toxic metals.
Finally, we highlight that CAFO-related exposure and environ-
mental justice is an underdeveloped research area, and our study
reveals the need for more research to be conducted to protect
these communities who are most vulnerable to CAFO-related
environmental impacts.

Our descriptive analysis has revealed a large disparity of hog
farm air pollution exposure among those who may not be profi-
cient in the English language (linguistic isolation). We were
unable to conduct further statistical analysis because this study
was limited by large uncertainty in this population’s estimate at
the block group level. There are thousands of people that fall
within this subpopulation within the Duplin Region (Table 1),
and it is essential to understand their vulnerability to hog farm
exposures. Language barriers and linguistic isolation can contribute

Table 4. Percentage increase in NH3 associated with 1-SD increase in sociodemographic variables for block groups (n=498) in the Duplin regional area.

Model

Sex Age Race Income Education

Population characteristics Male <19 y ≥65 y Persons of color Low income Low education

Percentage increase (95% CI) 1.89 (−0:04, 3.85) 1.20 (−0:62, 3.05) −0:64 (−2:56, 1.32) −1:70 (−3:79, 0.44) −0:30 (−2:15, 1.59) 1.26 (−0:77, 3.33)
p-Value (df = 31:77) 0.0554 0.199 0.521 0.120 0.757 0.226

Note: Associations were adjusted for the other factors within the model and spatial autocorrelation. Low income refers to the population in households where the household income is
less than or equal to twice the federal poverty level.61,62 Person of color indicates individuals who do not identify as non-Hispanic White-alone. The degrees of freedom are reported
from the smoothing function used to adjust for spatial autocorrelation. CI, confidence interval; df, degrees of freedom; NH3, ammonia; SD, standard deviation. *, statistically signifi-
cant at p<0:05.
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to disparities through pathways such as lowered access to health
care, employment, and education; hindered ability to navigate
housing and government systems; and lesser opportunities for
meaningful community engagement (cites).80–82 Future studies
should explore methods that quantify the impacts of hog CAFOs
among those who experience linguistic isolation, and more
broadly, other environmental justice concerns, including air
pollution exposure disparities.

Modeling Limitations
In our analysis, we assumed hog facilities to be at full capacity
in accordance with their permits throughout the model simula-
tion. In actuality, the farms may operate below their capacity.
In addition, inventories change temporally during the year, and
we note that it is difficult to model the facility-specific temporal
emissions from each facility for 1,292 facilities. Further, we
have simplified the spatial representation of the facilities.
Modeling scenarios could be improved/modified for future
analysis by including facility-specific source locations and
source parameters in the model inputs. This also includes con-
sidering the type of facility (finishing vs. breeder facility) and
size of the facility. Furthermore, collecting more data on man-
agement practices, such as the control of NH3 and other gases
in facilities that use waste amendments and technologies, is
needed. Because farm emissions models, used to estimate fac-
tors, may not fully capture practices such as manure spread in
North Carolina, this is a limitation for using emission factors.
Finally, more detailed meteorological data, such as location-
specific data, would allow for better characterizing the local
atmospheric conditions around facilities in Duplin County and
more accurate results for dispersion modeling.

Our HEM-3/AERMODmethodology, which uses the National
Air Toxics Assessment, modeled concentrations at the census
block level and also reported at the block group level. We have not
gathered detailed information on the physical layouts of CAFOs,
nor on the actual proximity of neighboring residential neighbor-
hoods, to use the actual location of residential neighborhoods as
receptors in the HEM-3 modeling run. Results at the block level
are more uncertain given that concentrations are assigned to some-
what arbitrary block centroids as the receptors used by the HEM-3
(which are latitude/longitude locations assigned by the U.S.
Census to represent an entire block). As such, the census centroids
used as the receptor locations by the HEM-3 in this analysis pro-
vide only the general/average location of populations within a
block. (A census block typically represents an average location for
∼ 50 people.) Future studies should assess similar and additional
methodologies to conduct the analysis at smaller geographic
scales. Assessing the impacts of biological contamination of hog
waste should also be taken into consideration given that studies
such as those of Pisanic et al.83 and Heaney et al.84 have looked at
hog farms asmicrobial and pathogenic sources.

Additional studies, based on pollution dispersion modeling
with more detailed source and meteorology model inputs and
finer-scale population data, will allow for more rigorous environ-
mental justice evaluations. Such evaluations could further charac-
terize the inequitable distribution of CAFOs operations and
exposure of neighboring communities to potentially toxic air-
borne pollutants and odors from these industrialized farming
operations in heavily impacted areas such as Duplin County.
There is a collective awareness and need to address concerns
regarding public health and environmental impacts from the
aggregation of CAFOs and increasing concern regarding environ-
mental equity issues resulting from the disproportionate impacts
of CAFOs on vulnerable communities.

County and Regional Impacts
One limitation of environmental justice studies invoking air pol-
lution modeling to provide information on air quality impacts is
that air pollution is a transboundary phenomenon, whereas deci-
sions to mitigate, reduce, and manage sources of pollution are
made within the extent of boundaries of governance whether at
the county, regional, or state level. Specifically, for environmen-
tal justice communities, it is important to recognize that those
who live on the edge of these boundaries may not experience air
pollution (and other environmental exposures) as realized by
inner boundary sources and thus may not experience the benefits
of interventions made at different levels of governance. We com-
pleted this secondary analysis to explore the impact of inner and
transboundary air pollution from hog CAFOs on environmental
justice communities to inform for interventions at the county
level and the local level.

From comparing our primary analysis with the secondary anal-
ysis, we suspect that we found lower disparities of impact because
the differences in spatial distribution of pollution becomes more
homogenous as populations in the Duplin County Region experi-
ences the impact of outer Duplin hog farms. The location of these
vulnerable populations with reference to hog farms still seems to
be a key factor. Further work is needed to quantify pollution in
other locations and counties where there tends to be an aggregation
of hog farms (Table S1). Last, results from our secondary analysis
suggest that vulnerable groups may experience higher exposures
from Duplin-only hogs, in agreement with our primary analysis.
Additional research should be conducted to compare the impact of
local agricultural sources compared with regional sources on vul-
nerable populations to provide a wholistic understanding of these
environmental justice impacts. It is important to understand the
impacts of decisions made at various levels of governance—
including the county, regional, and state level—how and which
communities will benefit from interventions within the boundary
of governance in discussing environmental justice reform, and
maximize the benefit of these interventions at each level.

Conclusions
Our findings suggest differences in exposure to NH3 and H2S
among and between specific demographic populations in the Duplin
County Region. The disproportionate distribution of hog CAFOs
among these populations could contribute to these findings. Further
research is necessary to address possible health risks associatedwith
estimates of ambient concentrations/exposures. Furthermore, the
exposure differences and the related estimated health risksmay only
partly determine whether health impacts are more prevalent
between populations. The difference in associated health impacts
also depends on how these effects are reshaped by factors that con-
tribute to the vulnerability of these populations, such as standard of
living. In this study, we suggest that some populations experience
higher exposures than others and that health responses within these
populations should be considered based on our predicted dispropor-
tionate exposures. Last, the disproportionate number of CAFOs
among these populations may also impact the economic stability
and vitality of these communities withinDuplinCounty.

Our study contributes to a larger reservoir of literature on
environmental justice and the employment of exposure assess-
ment within this issue. In this study, we incorporated two gases,
namely, NH3 and H2S, within our exposure model of choice (i.e.,
the HEM-3/AERMOD) and estimated the impact on six vulnera-
ble populations, including educational attainment and language
as a barrier contributing to vulnerability. Few studies have recog-
nized these as vulnerable groups, and they are seldom included in
environmental justice research. Consequently, these populations

Environmental Health Perspectives 087018-13 131(8) August 2023



are very prevalent owing to the demographics of the CAFO
workforce and communities living near them in North Carolina.
In addition, few studies have used ambient concentrations pre-
dicted by dispersion modeling as a proxy for environmental jus-
tice assessment.

This study emphasizes the need for further research to under-
stand the role of dispersion modeling in characterizing the spatial
and temporal resolution of pollutants when discussing uneven ex-
posure among communities. Our findings also highlight the need
for understanding risk assessment with respect to the multiple
pollutants released by these animal operations. Throughout, we
note the complexity of our research task, hindered by the defi-
cient data on these industries, pollutant emissions, and limitations
within our modeling approach. Nonetheless, this work provides
insight into the disproportionate exposures of vulnerable com-
munities to pollutants from CAFOs in Duplin County and can be
used to motivate and inform future research and encourage
aggressive approaches by local, state, and the federal government
who have repeatedly acknowledged that hog farm pollution is
dangerous and hits communities of color disproportionately.84

In addition to this future work, it is important to note the
ongoing COVID-19 pandemic and possible implications that this
may have on people impacted by agricultural industries. Hendryx
and Luo85 have found that areas with poorer air quality may be at
greater COVID-19 risk and resulting fatalities. In addition, Cole
et al.86 provided evidence that poor air quality and increases in
PM2:5 ambient concentrations are associated with more COVID
cases, hospital admissions, and fatalities. Lovarelli et al.87 sur-
mised that agricultural activities such as livestock production have
not slowed, and thus the associated pollutant emissions, including
NH3, have shown no reductions even though nitrogen oxides and
PM2:5 emissions (e.g., from mobile sources) were reduced during
the quarantine period. Animal feeding operations emit NH3, a pre-
cursor to PM2:5, H2S, and other VOCs. Essential workers, such as
those working in slaughterhouses, could be more vulnerable to
COVID-19 owing to underlying conditions, such as exposure to
prior pollutants. This pollution will impact community members
living near these farms as well. Moreover, the linguistically iso-
lated represent a large proportion of these essential workers. There
are limitations to these studies as identified by Villeneuve and
Goldberg88 that are due to important sources of bias, but these stud-
ies are needed to address these topics. As we continue addressing
concerns regarding disparities in health impacts from air pollution
and COVID-19, there is also now a need to address the dispropor-
tionate susceptibility to COVID-19 of vulnerable populations,
including essential workers and communities residing near animal
operations and other agricultural activities.
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